A classic framework for soil nitrogen (N) cycling, the hole in the pipe (HIP) model, posits a trade-off in emissions of nitric oxide (NO) and nitrous oxide (N2O) as a function of soil moisture. This has been incorporated into ecosystem models but not tested experimentally and remains an important uncertainty for understanding potential hotspots of reactive N emissions: poorly drained agricultural soils that experience episodically high moisture following intensive fertilization. We incubated soils at moisture ranging from 44% to 100% water-filled pore space (WFPS). Counter to HIP, we did not observe a consistent trade-off in NO and N2O emissions at intermediate moisture levels following fertilization, and prefertilization emissions were low. Emissions of N as N2O exceeded NO by 2-200-fold at all moisture levels and peaked at 73-82% WFPS. Emissions of NO declined with moisture but remained significant even under saturated conditions. Increases in nitrite and reduced iron at high moisture indicated possible NO production from chemodenitrification. Potential nitrification rates were 100-1,000-fold greater than potential denitrification. Emission factors for fertilizer N ranged from 0.05% to 0.58% (mean = 0.2%) for NO and from 0.4% to 16.9% (mean = 5.3%) for N2O. Our results caution the use of WFPS to predict NO:N2O emission ratios as often employed in ecosystem models. Subsurface N cycling may suppress emissions of NO relative to N2O, and N2O emissions can persist under saturated conditions. Elevated N2O emissions from in-field wet spots comprising a small landscape extent could potentially address disparities between top-down and bottom-up N2O budgets. Emissions of NO declined with moisture but remained significant even under saturated conditions. Increases in nitrite and reduced iron at high moisture indicated possible NO production from chemodenitrification. Potential nitrification rates were 100-1,000-fold greater than potential denitrification. Emission factors for fertilizer N ranged from 0.05% to 0.58% (mean = 0.2%) for NO and from 0.4% to 16.9% (mean = 5.3%) for N 2 O. Our results caution the use of WFPS to predict NO:N 2 O emission ratios as often employed in ecosystem models. Subsurface N cycling may suppress emissions of NO relative to N 2 O, and N 2 O emissions can persist under saturated conditions. Elevated N 2 O emissions from in-field wet spots comprising a small landscape extent could potentially address disparities between top-down and bottom-up N 2 O budgets.
Introduction
Soil emissions of nitrous oxide (N 2 O) and nitric oxide (NO) are important drivers of global environmental change: N 2 O contributes significantly to increased radiative forcing and stratospheric ozone loss, while NO enhances tropospheric ozone production (Ciais et al., 2013) and increases N deposition in downwind ecosystems (Fenn et al., 2003) . Predicting soil NO and N 2 O emissions at local to global scales remains challenging due to their sensitivity to biotic, abiotic, and anthropogenic factors and their interactions (Butterbach-Bahl et al., 2013) . The hole in the pipe (HIP) model is a seminal conceptual framework that has been successfully used over the past three decades to predict qualitative and quantitative variation in NO and N 2 O production as a function of soil N transformations and biophysical characteristics (Firestone & Davidson, 1989) . Among other response variables, the HIP model predicts a trade-off in emissions of NO versus N 2 O as a function of soil moisture (Figure 1a ), due to moisture effects on soil gas diffusivity, oxygen (O 2 ) concentrations, and the activities of nitrifying and denitrifying microbes (Davidson et Supporting Information:
• Supporting Information S1
• Data Set S1
• Data Set S2 . This assumption has been quantitatively represented in ecosystem models, where NO and N 2 O fluxes often derive from the product of a moisture-dependent NO:N 2 O emissions ratio (Figures 1d and 1e) and a fixed or variable fraction of the N flux through nitrification and/or denitrification (Parton et al., 2001; Potter et al., 1996) . Several large syntheses of field soil gas flux measurements have confirmed the general predictions of the HIP model and its utility for understanding ecosystem N dynamics van Lent et al., 2015) . However, we are unaware of direct experimental tests of the postulated trade-off between soil NO and N 2 O emissions as a function of moisture.
An improved understanding of how soil moisture affects reactive N dynamics and emissions of NO and N 2 O is particularly important in the context of intensively fertilized agroecosystems in the U.S. Corn Belt. The cornsoybean cropping systems of the central United States comprise the most intensive agricultural region of North America . This region also receives the largest inputs of N fertilizer and produces the largest N 2 O emissions and the greatest nitrate losses of any U.S. region (Cao et al., 2018; David et al., 2010; Griffis et al., 2017; Miller et al., 2012) . Moisture is a critical control on these dynamics. Growing season precipitation is one of the most important factors influencing annual N 2 O emissions (Rochette et al., 2018) but so are poorly drained soils that can remain wet over extended periods (Grossel et al., 2016; Nishina et al., 2015) . Patches of poorly drained soils within a matrix of better-drained soils are prevalent throughout the Corn Belt, and prior to European settlement, seasonal or permanent wetlands occupied as much as half of the landscape of some regions (e.g., north-central Iowa; Miller et al., 2009) . Installation of subsurface drain pipes (locally known as tiles) has enabled cultivation of most poorly drained soils throughout the U.S. Corn Belt, and similar infrastructure is also prevalent in Northwest Europe (Blann et al., 2009 ). However, despite enormous investment in drainage infrastructure over the past century, patches within individual fields routinely experience moisture in excess of field capacity-especially swales or depressions that concentrate overland or shallow subsurface flow (Figure 2 ; Logsdon, 2015b) . Previous field studies based on sporadic chamber measurements suggested that fertilized soils with excess moisture can potentially display lower (Jungkunst et al., 2006) , higher (Grossel et al., 2016; Nishina et al., 2015) , or seasonally variable (Colbourn & Harper, 2006 ) N 2 O emissions relative to well-drained sites.
Understanding the moisture response of NO and N 2 O emissions from these wet spots (Figure 2 ) within highly fertilized agricultural systems remains a key knowledge gap.
Improving our understanding of the moisture response functions of N trace gas production from poorly drained soils might also help to address discrepancies between top-down (e.g., from tall towers and airborne measurements) and bottom-up (e.g., based on fertilizer application data and soil flux chambers) N 2 O budgets at the regional scale. Emission factors are defined as the percent of anthropogenic N inputs (or N mineralized via anthropogenic impacts) emitted as NO or N 2 O. Based on global data syntheses, the Intergovernmental Panel on Climate Change (IPCC) assumed default emission factors of 1% for direct N 2 O emissions (i.e., N 2 O produced from the soil to which N is applied) and 0.75% for indirect emissions (i.e., N 2 O produced elsewhere following leaching or volatilization; IPCC, 2006). However, Griffis et al. (2013) found that N 2 O emissions measured at a tall tower in the northern Corn Belt were~fourfold greater than bottom-up estimates based on default IPCC emissions factors and in-field measurements, consistent with a top-down global emission factor of 4% (Crutzen et al., 2008) . Subsequent work showed that accounting for large indirect N 2 O emissions from headwater streams (Turner et al., 2015) as well as increased direct emissions could potentially account for the discrepancy between top down measurements and the 1% default emissions factor (Griffis et al., 2017) . Similarly, intensive multiyear measurements and modeling of soil N 2 O fluxes from a site in north-central Iowa indicated that direct emissions from corn-soybean rotations could be several fold greater than the 1% default emission factor (Gillette et al., 2018; Parkin et al., 2016) . Emissions factors for N 2 O have been shown to increase nonlinearly with fertilizer inputs (Shcherbak et al., 2014) and with increasing precipitation and soil moisture in comparison among sites Lesschen et al., 2011; Rochette et al., 2018) . Consequently, Griffis et al. (2017) suggested that increased precipitation and wetter spring conditions under contemporary and future climate changes will drive increased indirect N 2 O production.
Despite these recent advances, the potential role of poorly drained patches within fields as current N 2 O emissions hotspots-and their potential to contribute to the underestimation of direct emissions factors-has received very little attention. These fertilized wet spots that routinely experience elevated moisture could present optimal conditions for nitrification and/or denitrification, thus stimulating production of N 2 O (and possibly NO) depending on their moisture status. Here we conducted a laboratory study using two poorly drained soils broadly characteristic of the southern Prairie Pothole region (north-central Iowa and southern Minnesota) to test the potential importance of subfield-scale hotspots of N 2 O and/or NO production under elevated moisture. Our motivation was to assess the maximum potential fluxes of N 2 O and NO that might occur across a spectrum of plausible moisture values following typical N fertilizer inputs, but in the absence of plant N uptake-conditions representative of early in the growing season. We incubated replicate soil cores across seven water-filled pore space values spanning the hypothesized transition from NO to N 2 O production proposed in the HIP model ( Figure 1a ; . We tested (a) effects of soil moisture on the trade-off between NO and N 2 O production and associated biogeochemical processes hypothesized in the HIP model and (b) whether poorly drained soils could potentially contribute to underestimation of N 2 O emissions at the landscape scale.
Methods

Study Area
Soils were sampled from a field cultivated under a long-term rotation of corn (Zea mays) and soybean (Glycine max), located in the Des Moines lobe geologic region of north-central Iowa, USA. Regional parent material is 
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Journal of Geophysical Research: Biogeosciences poorly permeable glacial till left by the Wisconsin Glaciation, and ephemeral and permanent wetlands within a grassland matrix comprised~50% of the Des Moines lobe region prior to European settlement (Miller et al., 2009) . These soils experienced extended periods (weeks to months) of saturated conditions under historical vegetation (van der Valk, 2005) . Even with subsurface drainage infrastructure (tile drains), many soils still experience moisture near or above saturation for periods of days to weeks, which can cause extensive crop mortality at the subfield scales (Logsdon, 2015b) . The moisture dynamics of our site, characterized by intermittent saturated conditions in topographic depressions and adjacent uplands, are described by Logsdon (2015a Logsdon ( , 2015b . We sampled two dominant soil series (Mollisols) characteristic of the Des Moines lobe. Webster soils are fine-loamy, mixed, superactive, mesic Typic Endoaquolls (38% clay, 34% sand, pH = 7.2) and are classified as hydric soils. Nicollet soils are fine-loamy, mixed, superactive, mesic Aquic Hapludolls (21% clay, 52% sand, pH = 6.3) and are typically found upslope of Webster soils. Nicollet soils are not true hydric soils but are somewhat poorly drained and can experience saturated conditions (as indicated by the Aquic moisture regime for this soil series). Organic C and total N content for both soils sampled here were similar, measuring 2.3% and 0.2% by mass, respectively (C:N ratio of 12). Mineral N concentrations measured at the time of sampling were also relatively similar: NH 4 + was 0.2 μg N/g for both soils, and NO 3 À was 1.5 and 3.4 μg N/g in the Webster and Nicollet samples, respectively (2 M KCl extraction). Field capacity for the Webster soils was previously estimated as 66-76% water-filled pore space (WFPS) and is likely to be slightly lower in the Nicollet soils, although the concept of field capacity is difficult to apply in soils where confining layers or high water tables frequently inhibit drainage (Bremner et al., 1981; Shaw et al., 1959) . Samples were collected from 0 to 20 cm depth (the plow layer) using a stainless steel auger (10.2-cm diameter) from each of six separate locations per series that were randomly located within a~400-ha field under uniform management (see Huang & Hall, 2017a , for further details). Soils were sampled in November 2015 following corn harvest and tillage.
Experimental Design
Spatial replicates were mixed to generate a single composite sample for each soil series and to enable direct experimental assessment of moisture impacts on N dynamics, which may otherwise have been obscured by the high spatial variation in soil properties characteristic of this site (Cambardella et al., 1994) . Samples from each soil series under a given moisture treatment (n = 3) thus represented technical replicates, not spatial replicates. Soil subsamples were added to plastic (butyrate) tubes (4.5-cm diameter, 9.8-cm height, 210-g dry soil mass equivalent) with polypropylene caps on the bottom to achieve a bulk density of 1.1 g/cm 3 , representative of field conditions following tillage (Huang & Hall, 2017a) . These soils are tilled every other year, such that the physical disturbance of mixing the soils and placing in cores is similar to the ongoing management of this agroecosystem.
We exposed soils to seven moisture treatments spanning a range of WFPS values frequently observed before planting and early in the growing season (March-May): 44%, 56%, 66%, 73%, 82%, 89%, and 100%. At the time of sampling (November), ambient soil moisture averaged 66% WFPS in both soils, close to the estimated field capacity values for the Webster series (Bremner et al., 1981; Shaw et al., 1959) . To achieve the 44% and 56% WFPS treatments, a subset of soil cores was left open to the atmosphere at 4°C to allow evaporation (the cores from the other treatments remained capped during this period). All of the cores were then frozen (À20°C) to simulate winter soil conditions at our site. At the beginning of the incubation, cores were thawed at 4°C over 24 hr. Deionized water was then added to each core to achieve the intended WFPS (listed above) using a syringe and a 10-cm stainless steel needle. The needle was inserted to the bottom of each core and slowly retracted while applying uniform pressure to the syringe to distribute water across the depth of the core. This allowed gas bubbles to escape from the core as water was added. During the experiment (50 days), cores were stored in a dark cooler at 22°C with a humidified atmosphere to decrease moisture loss. The mass of each core was measured every 3 days, and deionized water was added to the surface as necessary to replenish evaporative losses.
We measured soil-atmosphere fluxes of NO, N 2 O, CH 4 , and CO 2 on the same cores before (14 days) and after N fertilization (35 days). Fertilizer (urea) was added to each core in a mass equivalent to the optimal agronomic N inputs to corn (170 kg N/ha) for our study area (Lawlor et al., 2008) . Aqueous urea was chosen because it is a commonly used fertilizer in the Corn Belt (Cao et al., 2018) and because it is a reduced form of N that must be hydrolyzed and nitrified prior to being denitrified. This allowed us to experimentally
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Journal of Geophysical Research: Biogeosciences assess impacts of moisture on coupled nitrification-denitrification, rather than assessing the moisture response of denitrification alone as has often been conducted (Lesschen et al., 2011) . Urea was dissolved in deionized water (18.5 g urea/L) and 4 ml was added to each core. This volume was chosen to replenish average evaporative loss during the 3 days prior to fertilizer addition. The needle was injected to the bottom of the core and slowly retracted while applying uniform pressure to the syringe to distribute the solution throughout the core volume while allowing escape of air bubbles. This injection process is also similar in concept to "knife injection" of urea below the soil surface as is commonly practiced in the region to decrease fertilizer volatilization. Each core received 155 μg N/g.
Gas Flux Measurements
We measured trace gas fluxes from each core at intervals of 1-4 days using a combination of static and dynamic methods. Initial tests showed that static flux methods where NO in the jar headspace was measured sequentially over time underestimated NO production due to a highly nonlinear response (data not shown), where soil consumption of produced NO increased concomitantly with headspace NO concentrations. Thus, we measured NO fluxes dynamically by flowing a gas stream (compressed room air) with known NO concentration through a sealed glass jar containing a soil core and recorded the difference between inlet and outlet NO concentrations at steady state, which was typically achieved after 10 min (see Moyes et al., 2010 , for a discussion of the principles of dynamic gas flux measurements). The measured NO concentration difference between jar inlet and outlet was multiplied by the measured gas flow rate (0.5 L/min) and the local mole density of air to calculate the NO flux. Jars with soil cores were directly connected to a chemiluminescent NO 2 analyzer (LMA 3D; Unisearch Associates, Concord, ON, Canada) using custom stainless-steel lids and Viton gaskets, opaque Teflon tubing, and stainless-steel Swagelok fittings. Upstream of the analyzer, NO was completely oxidized to NO 2 using chromium trioxide. Concentrations of NO were calibrated using a 100-ppb NO standard diluted using NO-free air and mass flow controllers to six concentrations that bracketed the range of measured values. A check standard was analyzed between every nine samples. Standard curves were measured at the beginning and end of sample analyses, and a linear drift correction was applied when necessary.
Fluxes of N 2 O, CO 2 , and CH 4 were measured from each jar immediately following NO measurements. The lid with fittings connecting the jar to the NO analyzer was removed, and the headspace was equilibrated with room air, after which a lid with septa closing the inlet/outlet fittings was secured to the jar, allowing the analyte gases to accumulate in the headspace during a 30-min period. Intensive measurements on a subset of cores demonstrated that accumulation of these gases was approximately linear over this timescale, so fluxes were calculated as the difference between initial and final headspace mole densities. Initial headspace gas concentrations were calculated using blank jars (no soil) similarly flushed with the purge gas during the NO measurement and then equilibrated with ambient room air prior to the N 2 O/CO 2 /CH 4 measurement. Concentrations of N 2 O, CO 2 , and CH 4 were measured using a gas chromatograph (Shimadzu 2014A, Columbia, MD, USA) with electron capture, flame ionization, and thermal conductivity detectors, respectively, calibrated using four-point standard curves bracketing measured values. Check standards were analyzed following every 10 samples as unknowns.
Soil Chemical Measurements
At the end of the experiment, cores were homogenized, and subsamples were extracted with (a) 2 M KCl for analysis of ammonium (NH 4 + ) and nitrate (NO 3 À ), (b) deionized water for analysis of nitrite (NO 2 À ), and (c) 0.5 M HCl for analysis of Fe (II) and Fe (III). Soil:solution ratios were 1:5 for KCl and water and 1:10 for 0.5 M HCl extractions. Slurries were vortexed to disrupt aggregates, shaken for 1 hr, centrifuged at 10,000g, and decanted to clean bottles. Concentrations of NO 2 À were analyzed in water rather than KCl to minimize losses due to acidification and were analyzed within 24 hr of extraction to avoid oxidation caused by freezing (Homyak et al., 2015) . Analytes were measured colorimetrically as follows: NO 2 À and NO 3 À (Doane & Horwáth, 2003) ; NH 4 + (Weatherburn, 1967) ; and Fe (II) and Fe (III) (Huang & Hall, 2017b) . Additional soil subsamples were assayed for denitrification potential by acetylene in the presence of excess labile C and NO 3 À (Groffman et al., 1999) and for nitrification potential after amendment with excess NH 4 + (Hart et al., 1994) .
Both potential rate assays were conducted in slurries, at 1:1 and 1:7 ratios of soil to solution for denitrification and nitrification, respectively, following the cited procedures. Given the substantial excess of solution added
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Statistical Analyses
Emissions factors for NO and N 2 O were liberally estimated as a percentage of applied fertilizer N and did not account for potential contributions of organic N mineralization from soil or residues to N gas production after fertilization. This approach was justified given that fluxes of NO and N 2 O were very low (Table 1) immediately prior to fertilization. Impacts of WFPS treatments on prefertilization instantaneous gas fluxes were assessed using a mixed effects model with experimental unit as a random effect to account for repeated measurements; pseudo-R 2 values are reported that account for the contribution of the random effect to the total model sum of squares. In these models, WFPS was included as a continuous variable given the observed monotonic relationships between gas fluxes and soil moisture. After fertilization, we assessed cumulative gas fluxes using ANOVA with WFPS as a factor variable (to account for nonlinear relationships). Other soil response variables were similarly modeled using ANOVA with Tukey's post hoc tests. Analyses were conducted using R (R Development Core Team, 2017).
Results
Trace Gas Fluxes
Prior to fertilization, fluxes of NO and N 2 O from both the Webster and Nicollet soils were relatively low. In both soils, NO declined significantly with WFPS (p < 0.05 for both soils; in the Webster soil and ranged from 6 to 155 in the Nicollet soil (Table 1) .
After fertilization, fluxes of NO and N 2 O increased by zero to three orders of magnitude and showed much stronger, but nonlinear, relationships with WFPS in both soils as compared with prior to fertilization 
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Journal of Geophysical Research: Biogeosciences (Figure 1c and 3) . At all WFPS values, NO and N 2 O fluxes peaked within 7 days in the Webster soil while they increased more slowly in the Nicollet soil, peaking within 17 days after fertilization (Figure 3) . After 35 days, NO fluxes had returned to near-baseline levels for both soils. Fluxes of N 2 O at WFPS values of 44%, 55%, 89%, and 100% had also returned to near baseline levels, but N 2 O fluxes at 66%, 73%, and 82% remained elevated (Figure 3 ). Raw data are provided in Data Set S1 in the supporting information.
Cumulative fluxes of NO and N 2 O over the entire incubation showed strong, nonmonotonic relationships with WFPS, and the N 2 O:NO ratios of cumulative fluxes varied from 2.7 to 167 among WFPS treatments (Figure 1f) . Maximum cumulative N 2 O emissions (28.72 kg N/ha) occurred at 73% WFPS in the Webster soil and at 82% WFPS in the Nicollet soil (16.41 kg N/ha; Table 2 ). In contrast, both soils had maximum cumulative NO emissions at 44% WFPS (the lowest moisture level used in this experiment), with fluxes of 0.99 and 0.73 kg N/ha for Webster and Nicollet soils, respectively. As a factor variable, WFPS had a strong relationship with both cumulative N 2 O emissions (R 2 = 0.76 for both soils; p < 0.001 for Webster, <0.0001 for Nicollet) and NO emissions (R 2 = 0.83 and 0.88; p < 0.001 and p < 0.0001 for Webster and Nicollet, respectively). Emissions of N 2 O accounted for as much as 16.89% of applied N fertilizer (Webster, 73% WFPS) to as little as 0.40% (Nicollet, 89% WFPS; Table 2 ). In contrast, emissions of NO accounted for only 0.09-0.58% of applied N fertilizer across both soils. 
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Soil (Bio) Chemical Properties
Trends in nitrification and denitrification potential rates with WFPS ( Figure 4a ) did not closely parallel cumulative emissions of either NO or N 2 O, respectively ( Figure 1c ). Nitrification potential was approximately constant between 44% and 73% WFPS and plummeted at greater moisture content (Figure 4a ). Denitrification potential peaked between 73% and 82% WFPS (Figure 4a ) but showed a much smaller absolute response to moisture (~10-fold) than did nitrification potential (~200-fold). These trends corresponded with a large 
Discussion
We asked whether there was a consistent trade-off in emissions of NO and N 2 O across a spectrum of soil moisture values characteristic of poorly drained soils and whether increased N 2 O emissions at elevated moisture (i.e., at and above field capacity) could potentially contribute to observed regional discrepancies between top-down and bottom-up emission factors. Consistent with the HIP model ( Figure 1a ) and previous field and laboratory studies, we observed greatest N 2 O production at WFPS values above field capacity, but below saturation (Figure 1c ; Dobbie et al., 1999; . After fertilization, the two soils examined here showed broadly similar responses to moisture for NO and N 2 O emissions and their biogeochemical drivers, although they differed in absolute magnitude (Figures 1 and 4) . Differences in N gas fluxes between the two soils may have been driven by texture (greater clay in Webster vs. greater sand in the Nicollet soil) and the resulting impacts on gas diffusivity and pore size distributions, as well as by labile C (Webster had greater CO 2 production).
We observed a general trend of decreasing NO emissions with WFPS (Table 2 ; Figures 1c, 3c , and 3d). However, in stark contrast to the HIP model, we did not observe a threshold decline in NO emissions with moisture ( Figures 1a-1c ) nor a monotonic trade-off between NO and N 2 O emissions with WFPS (Figures 1d-1f) . First, NO emissions were small relative to N 2 O across the entire range of moisture examined here, and second, small but significant NO emissions persisted at the highest moisture levels even as N 2 O decreased. This resulted in N 2 O:NO ratios (Figure 1f ) that were more than 10-fold greater than predicted by HIP (Figure 1d ) at all WFPS values. Estimated emission factors from applied fertilizer N varied as much as 25-fold for N 2 O and sixfold for NO across the experimental moisture gradient and substantially exceeded the IPCC default N 2 O emission factor (1%) at almost all WFPS values (Table 2 ). In contrast, the greatest measured NO emission factor (0.6%) was lower than but similar to the global mean (0.7%; Bouwman et al., 2002) . We next discuss potential mechanisms contributing to these patterns and the potential implications of these results for interpreting regional N 2 O emissions.
Drivers of N 2 O and NO Production in Poorly Drained Agricultural Soils
Several large-scale analyses have documented monotonic decreasing trends in NO:N 2 O ratios with increasing WFPS Riley & Vitousek, 1995; Smith et al., 2003; Thornton & Valente, 1996) , and these relationships have been incorporated in ecosystem models such as CASA and DAYCENT (Parton et al., 2001; Potter et al., 1996) . The importance of soil NO emissions for regional atmospheric NO x budgets was highlighted by recent work in arid and semiarid ecosystems (Almaraz et al., 2018; Homyak et al., 2016) . However, less work has examined the shifting dynamics of soil NO and N 2 O emissions in humid ecosystems. Potter et al. (1997) acknowledged that the moisture-response functions for NO and N 2 O emissions used in their model "are educated guesses based on independent data sources" (Figure 1b) , and we are unaware of laboratory studies that explicitly tested these relationships.
The hypothesized trade-off from NO to N 2 O production at WFPS values between 50% and 80% (Figures 1a  and 1b) was not supported by our data (Figure 1c ). We found that N 2 O fluxes were substantially greater than NO at all WFPS values examined, challenging the HIP prediction but agreeing with some field studies. Differences in the dominant location of N cycling-whether at the soil surface or deeper within the soil profile-may be key for predicting emissions of NO versus N 2 O as a function of WFPS, as illustrated by the impact of fertilizer placement (surface broadcast vs. injected or incorporated) in agricultural studies. Emissions of NO from agricultural ecosystems can indeed be high following broadcast application of fertilizer to the soil surface (Akiyama & Tsuruta, 2003; Venterea et al., 2005) . However, subsurface fertilizer application (employed in our incubation study) is perhaps more representative of practices in the Corn Belt (Lawlor et al., 2008) . In a Mollisol from the northern Corn Belt, Venterea et al. (2005) found weak relationships between N 2 O:NO emission ratios and moisture under field conditions and showed that N 2 O:NO ratios were relatively high (>7) following subsurface fertilizer application (urea ammonium-nitrate or anhydrous ammonia injection). These trends were reversed when urea was broadcast on the soil surface, resulting in a N 2 O:NO ratio of 0.16. Similarly, in a Chinese orchard, N 2 O responded much more strongly than NO to fertilizer addition, where NO accounted for only 14.5% of reactive N emissions (Cheng et al., 2017) .
One plausible rationale for these results (and those from our incubation study) is that application of fertilizer below the soil surface promotes N 2 O over NO emission at a given moisture content simply by increasing the effective diffusion path length and providing increasing opportunities for NO reduction during transit from soil to the atmosphere (Schuster & Conrad, 2006) . This mechanism would be magnified in clay-rich soils with low diffusivity, such as those used in our incubation study. In contrast, the fact that natural ecosystems frequently have a proportionately larger flux of N mineralization from litterfall decomposition at the soil surface may lead to a greater sensitivity of NO and N 2 O emissions to soil moisture, as predicted by HIP. The location of N cycling within a soil profile deserves greater attention as a control on N gas emissions.
Several additional mechanisms may also help explain why we did not observe a trade-off between NO and N 2 O emissions as hypothesized by HIP. reported an overall linear decrease in NO:N 2 O from 0.1 to 1 WFPS. Yet, their data set also indicated an apparent plateau (or possible reversal) in this relationship at WFPS values >0.8, which was consistent with our observations (Figure 1g ). Both nitrification and denitrification have been suggested to produce NO at high soil moisture contents (Loick et al., 2016; Yu et al., 2010) . However, as discussed below, the significant increases in NO 2 À and Fe (II) concentrations we observed at elevated moisture are also consistent with an abiotic mechanism that sustains NO production when it would not otherwise be biologically favored.
Nitrogen fertilization may also be key in sustaining NO and N 2 O emissions at high soil moisture content, and a field study in a tropical rainforest also demonstrated intriguingly high NO emissions from wet soils following fertilization (Erickson et al., 2001) . In theory, both NO 2 À concentrations and NO emissions should decrease with increasing WFPS due to decreased gas diffusivity and increased denitrification, which should increase the conversion of NO 2 À to NO, N 2 O, and ultimately N 2 in the presence of ample labile C (Firestone & Davidson, 1989; Schuster & Conrad, 2006) . However, excess N availability relative to C following N fertilization may alter this scenario if labile C becomes strongly limiting and denitrification (a heterotrophic process) cannot keep pace with nitrification (an autotrophic process). The lack of significant CH 4 production at high WFPS values in our study could reflect C limitation, given that soils from this site readily produce CH 4 under elevated moisture when amended with additional crop residues (Huang & Hall, 2017a) . Thus, the increased NO 2 À concentrations we observed at WFPS >73% along with persistent NO emissions are consistent with low denitrification rates in a C-limited environment, given that both N 2 O and N 2 should otherwise be favored relative to NO 2 À and NO at these WFPS values.
Nitrite is a reactive intermediate in both nitrification and denitrification that can yield both N 2 O and NO via biotic or abiotic reactions (Venterea, 2007) , processes that may have sustained production of these gases under high moisture conditions in our experiment. In particular, abiotic reduction of NO 2 À by Fe (II) can generate NO and/or N 2 O (Zhu-Barker et al., 2015) . Because we observed relatively high Fe (II) concentrations (e.g., similar to consistently flooded wetland ecosystems) at WFPS values of >82%, chemodenitrification of NO 2 À to NO coupled with Fe (II) oxidation could explain the continued production of NO (and perhaps N 2 O) at high WFPS. If this reaction occurred in macropores with low bacterial biomass and labile C relative to micropores, the resulting NO could then diffuse to the atmosphere (even through saturated zones) while escaping further reduction to N 2 O or N 2 .
Our study was not explicitly designed to partition N 2 O contributions from nitrification versus denitrification, but one striking finding was the fact that potential nitrification rates exceeded potential denitrification rates
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Journal of Geophysical Research: Biogeosciences at all WFPS values assessed here, and potential nitrification was three orders of magnitude greater than potential denitrification at WFPS values <82%. These assays do not directly reflect in situ rates, but they do reflect a greater microbial enzymatic capacity of these soils to nitrify than denitrify on a N mass basis under unlimited substrate availability. It was also notable that highest cumulative N 2 O production was observed at WFPS values of 73% and 82%, where nitrification and denitrification potential were both near maximum values and where we observed an abrupt switch from NO 3 À to NH 4 + dominance. These patterns are consistent with N 2 O production in response to O 2 limitation of nitrifying organisms (i.e., nitrifier denitrification; Zhu et al., 2013) or coupled nitrification-denitrification.
Previous studies using direct NO 3 À addition have documented a Gaussian response of N 2 O emissions to WFPS similar to Figure 1c , often attributed to denitrification (Balaine et al., 2013; Castellano et al., 2010) . However, experimental studies involving direct application of nitrate to wet soils likely overestimated N 2 O emissions from in situ denitrification given that reduced N (both as urea and NH 4 + ) is the dominant form of fertilizer that is actually applied to agroecosystems (Cao et al., 2018; Lesschen et al., 2011) . Any reduced N must first be nitrified prior to subsequent denitrification, and nitrification rates may be hampered by O 2 limitation under elevated moisture as indicated by our potential nitrification data (Figure 4a ). Similar to our results, Volpi et al. (2017) also found highest N 2 O emissions near 85% WFPS following urea addition. Consistent with the importance of nitrification-based N 2 O production from fertilized soils, Wang et al. (2017) (Liu et al., 2016) .
Potential Impacts of Wet Spots on Regional N 2 O Emission Factors
Our study was designed to estimate potential N 2 O and NO emissions from poorly drained soils fertilized at a rate commonly used for corn-soybean rotations in the Corn Belt region (Lawlor et al., 2008) and under a range of WFPS values typical of the early growing season. In the Corn Belt region, N fertilizer is typically applied either in the fall after harvest, in the spring prior to or during planting, and/or as a side dress during the growing season (Cao et al., 2018) . Unfortunately, the common practice of fall and early spring N applications provides ample opportunity for gaseous N losses prior to significant plant uptake. Our experiment mimicked fall or early spring N application coinciding with a seasonal increase in soil moisture, where microbial N transformations occur in the absence of plants and applied N is especially vulnerable (Dinnes et al., 2002) . For example, Dobbie and Smith (2003) found that~77% of annual N 2 O emissions occurred within 4 weeks of fertilization.
Under our experimental conditions, estimated N 2 O emission factors (0.4-16.9%, mean = 5.3%; Table 2 ) were generally much higher than the IPCC default value (1%), the 1.4% value suggested by a recent meta-analysis , and the 1.3% value measured in well-drained Minnesota soils (Griffis et al., 2013) . Consistent with our results, Dobbie and Smith (2003) found that WFPS values near the time of N application were the main driver of annual N 2 O fluxes and that emission factors increased from~0.5 to 6 between 60% and 80% WFPS. Multiple years of field N 2 O measurements and modeling of corn-soybean rotations growing on poorly drained soils similar to those used in our study implied an emission factor of 3-4% (Gillette et al., 2018) . Together, these data suggest that N 2 O emissions from relatively small patches within the landscape, which typically experience elevated moisture over periods of days to weeks early in the growing season (Logsdon, 2015a (Logsdon, , 2015b , could significantly impact estimates of regional bottom-up emissions that have been largely based on measurements from well-drained soils (Griffis et al., 2013) . A Corn Belt regional N 2 O emission factor was recently estimated at 5.3% using long-term measurements from a tall tower (Griffis et al., 2017) . Discrepancies between top-down and bottom-up observations were previously attributed mainly to the underestimation of indirect N 2 O emissions from the denitrification of leached NO 3 À in low-order streams (Turner et al., 2015) , as well as due to a smaller underestimation of direct soil emissions associated with an unknown mechanism . Our measurements suggest that emissions from poorly drained cropland soils can be substantial and may help resolve discrepancies between top-down and bottom-up observations.
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Increased N 2 O emissions from cropped wet spots could potentially contribute to the underestimation of direct N 2 O emissions from the Corn Belt. Assume for the sake of argument that cropped poorly drained soils that regularly experience moisture above field capacity comprise 10% of the landscape, which is a conservative estimate given historical wetland extent and observed inadequacies of drainage infrastructure in our study area (Logsdon, 2015b; Miller et al., 2009 ). The Webster soil analyzed here occupies lower landscape positions and had a mean emission factor of 7% across the range of moisture values used in our study. Applying this estimate to 10% of the landscape while assuming an emission factor of 1.3% for the remaining 90% (Griffis et al., 2013) yields an area-weighted emission factor of 1.9%, slightly higher than the direct emissions factor of 1.5-1.6 implied by inverse modeling of tall tower data . This coarse estimate would vary substantially as a function of the spatiotemporal moisture dynamics during a given year, but it demonstrates the potential importance of patch-scale N 2 O emissions from poorly drained cropland soils in affecting regional emissions factors-a mechanism that has not been acknowledged in previous analyses Griffis et al., 2017) . Field measurements of N 2 O fluxes that explicitly include poorly drained soils during periods of elevated moisture will be needed to further assess the importance of these features at the landscape scale.
Conclusions
We used two poorly drained soils to test whether changes in soil moisture controlled trade-offs in NO and N 2 O emissions as hypothesized in the HIP model. Counter to model predictions, we did not detect a consistent trade-off between NO and N 2 O emissions with increasing soil moisture-NO emissions, albeit small relative to N 2 O, persisted at high soil moisture even when N 2 O decreased. This challenges the parameterization of NO versus N 2 O fluxes as a function of moisture as implemented in several ecosystem models and suggests that other factors might be considered, such as the depth of N inputs and cycling (especially for fertilizer placement), the effective diffusive path length, and C limitation of N metabolism (e.g. denitrification) following fertilization. Our findings also suggest that Fe (II)-mediated NO 2 À reduction could possibly sustain the emission of NO as N 2 O increases with increasing soil moisture. The potential for disproportionate N 2 O production from periodically wet soils interspersed within a well-drained landscape suggests that discrepancies between bottom-up and top-down approaches used to estimate soil N emissions could be improved by considering these features.
